The human patient simulators that are currently used in multidisciplinary operating room team training scenarios cannot simulate surgical tasks because they lack a realistic surgical anatomy. Thus, they eliminate the surgeon's primary task in the operating room. The surgical trainee is presented with a significant barrier when he or she attempts to suspend disbelief and engage in the scenario.
fewer provide interdisciplinary team training, despite research suggesting that educating surgical residents about teamwork in the presence of other members of the patient care team (ie, multidisciplinary team training) is preferred over training in isolation. 10, 11 One barrier to broadly implementing teamwork training for surgical residents is a lack of knowledge about the most effective ways to improve these skills. High-fidelity simulations are a promising method for building teamwork skills because they mimic low-frequency, high-risk events in a safe, learner-friendly environment 12 ; however, many simulation-based team training and crisis resource management (CRM) models were developed from an anesthesia paradigm and later translated to the training of entire surgical teams. 12,13 As a result, currently used mannequin simulators cannot simulate surgical tasks because they lack realistic anatomy, thus eliminating the surgeon's primary role in the operating room. The surgical trainee is presented with an obstacle when he or she attempts to suspend disbelief and engage in the team scenario. To our knowledge, it is unknown how separating the learner from his/her primary task affects the acquisition of teamwork skills. It is also unknown how much anatomical fidelity is needed to effectively acquire teamwork skills. To address these questions, we developed an innovative patient simulator with Synthetic Anatomy for Surgical Tasks (SAST mannequin) to meet a perceived curricular deficiency regarding the engagement and task-loading of surgical residents during CRM scenarios (eFigure in the Supplement).
14 Our study used this technology to compare gains in teamwork skills for midlevel surgical residents after participating in standardized multidisciplinary team training scenarios in which a simulated surgical task was performed with 3 possible levels of surgical realism: (1) SimMan (Laerdal Medical) (control group: no surgical task, no surgical anatomy), (2) SAST mannequin (surgical task, mediumfidelity anatomy); and (3) a deceased donor (surgical task, high-fidelity anatomy). The objectives were to investigate the effect of the presence/absence of a simulated surgical task and increasing levels of mannequin realism (mediumvs high-fidelity anatomy) on the acquisition of team skills among surgical residents. We hypothesized that surgical residents exposed to medium-fidelity simulation (SAST) team training would demonstrate greater gains in teamwork skills compared with the control group (SimMan) and equivalent gains in teamwork skills compared with highfidelity simulations (deceased donors). The results provide insights concerning how simulated surgical tasks with varying degrees of realism affect team skill acquisition. They are valuable in identifying best practices for incorporating teamwork training in surgical residency curricula.
Methods

Study Participants
Scenario participants included midlevel surgical residents (postgraduate years 2 and 3), anesthesia providers, scrub nurses, and circulating nurses. All participants were recruited on a voluntary basis. Study protocols were reviewed and approved by the institutional review board of Wake Forest University Health Sciences. Fifteen surgical residents, the primary study participants, were randomized and unscripted; other participants were not randomized and were scripted to standardize the scenarios. The sample size was limited by the number of midlevel surgical residents in the general surgery residency program. Simulation-based training exercises were conducted 5 times in each experimental group, with each resident completing the training once. To investigate the ability of our metrics to discriminate between expertise levels, 6 additional training exercises (2 per group) were conducted with attending surgeons in place of surgical residents, with all other aspects unchanged.
Simulation Details and Study Design
The standardized multidisciplinary scenario simulated in this study was a blunt abdominal trauma with an exsanguinating injury requiring surgical hemorrhage control. This operative crisis scenario is associated with a high error risk, with the proper identification and treatment depending on teamwork and surgeon skill. Residents were randomly assigned to 1 of 3 groups (SimMan [control], SAST mannequin, or a deceased donor-based simulation). Because single-session training has not produced results of improved teamwork, 15 surgical residents
Key Points
Question Does the presence/absence of a simulated surgical task affect the acquisition of teamwork skills among midlevel surgical residents?
Findings In this study, surgical residents who were exposed to medium-fidelity simulation team training scenarios demonstrated greater gains in teamwork skills compared with the control group and equal gains in teamwork skills compared with high-fidelity simulation groups.
Meaning Incorporating the use of relatively inexpensive, medium-fidelity synthetic anatomy in human patient simulators was as effective as using high-fidelity anatomy from deceased donors for promoting teamwork skills among this learning group.
completed a 2-session multidisciplinary team training sequence simulating a blunt abdominal trauma operative crisis (hemorrhage from hepatic and splenic lacerations). Learning objectives, simulator settings/equipment details, the clinical data set, and discussion points were previously developed and used in our multidisciplinary CRM curriculum. The study design was a pre-post educational intervention pilot study. The levels of teamwork competency of residents were assessed using several instruments with extensive validity evidence. The self-confidence (self-efficacy) of residents in their teamwork skills before and after the training was measured using a survey instrument. 12 To measure the teamwork behaviors of residents during the simulated operative crisis, we used the Nontechnical Skills assessment (NOTECHS) 16 and the Trauma Management Skills scoring system 17 to investigate whether improvement occurred from one session to the next. The CRM checklist 8 was used to clarify team behavior expectations, score the performance of all team members, and guide debriefings. We collected participant feedback on the training sessions using previously developed Likert-scale questionnaires (eTable 1 in the Supplement). The detailed sequence of events for the team training exercise is given in Table 1 . To enhance a sense of realism, a collaborating surgeon performed the role of a senior resident during the simulated surgery (with specific instructions regarding the limited types of assistance that they may provide to postgraduate year 2 or 3 residents), because residents at this level would not typically handle this type of case alone. The standardized team training exercise was used across all 3 experimental groups ( 
Statistical Analysis
All of the tests were 2-sided with significance level of .05. The post-training competency average and item scores for the 3 simulators were compared using analysis of covariance, adjusting for pre-training scores. Linear contrasts were used to conduct the pairwise comparison of the 3 simulators based on the analysis of covariance model results, and all tests were ad- justed for multiple comparisons (Tukey method). For assessments conducted by multiple expert evaluators (live vs video), inter-rater reliability was evaluated by weighted Cohen κ. The reliability of assessments in measuring the construct of interest (internal consistency between questionnaire categories) was determined by Cronbach α.
Evaluators were necessarily familiar with residents before the educational intervention because of the available surgical faculty. The randomization of residents across groups was used to minimize the potential for bias from preconceived notions regarding resident communication strengths and weaknesses. In addition, using case 1 scores as a covariate was used to mitigate this potential, because any preconceived opinions would likely be present in both case 1 and 2, regardless of mannequin assignment.
To evaluate our results for evidence of validity, we compared 2 levels of surgical expertise (intermediate vs expert) on pre-post assessments and team behavior measures ( Table 2) . Contrasts were built from analysis of covariance models to detect differences between expertise levels, and Tukey adjustments were made for multiple comparisons.
Results
Statistical results show that for 3 assessment metrics (participant feedback, NOTECHS video, Trauma Management Skills video) the control group (SimMan) had worse results compared with the other 2 groups while the 2 treatment groups (SAST, deceased donor) were not statistically different from each other for any metric (Table 2) . Specifically, for 3 metrics (participant feedback, NOTECHS video, Trauma Management Skills video), the 95% CIs did not contain zero for deceased donor vs control group comparisons (16.79-35.21, 0.62-15.05, and 0.02-2.28, respectively) or for SAST vs control group comparisons (10.21-28.64, 1.06-16.41, and 0.61-2.90, respectively), with Tukey adjustments for multiple comparisons. These findings support the study hypotheses that surgical residents exposed to medium-fidelity simulation (SAST) team training scenarios would demonstrate greater gains in teamwork skills compared with the control group (SimMan) and equal gains in teamwork skills compared with high-fidelity simulations (deceased donors).
Total participant feedback scores from surgical residents and expert surgeons were tabulated and grouped by simulation type (maximum possible score = 80) ( Figure 1) . Results showed significantly higher participant feedback scores among groups in simulations with SAST and deceased donors compared with the control group ( Table 2 ). The highest scores were from residents in high-fidelity simulations with deceased donors and the lowest scores were from the simulations with the low-fidelity control mannequin.
For the Surgeon Self-Efficacy questionnaire, the mean preand posttraining results of 90 possible points are given in Figure 2A and B. Surgical residents showed lower scores overall than expert surgeons, as expected. There were no statistically significant differences between treatment groups.
For the NOTECHS assessment, mean total scores of 90 possible points are shown in Figure 2C and D. Statistical comparisons showed significantly higher NOTECHS case 2 video scores among groups in simulations with SAST and deceased donors compared with the control group, with the case 1 score serving as a numerical covariate (Table 2) . Thus, the groups in simulations with SAST and deceased donors showed significantly greater gains in teamwork skills from case 1 to case 2 compared with the control (SimMan) group. It was noted that the control group scored poorly on the vigilance and leadership subscales of the NOTECHS instrument. No statistically significant difference was observed between gains in teamwork The questionnaire assessed the satisfaction of participants with the simulation.
The maximum score was 80 points. The error bars are ±1 SD. SAST indicates synthetic anatomy for surgical tasks. skills for the groups in simulations with SAST and deceased donors. In general, expert surgeons scored higher than residents; however, the difference between experts and residents was not statistically significant (Table 2) . For the Trauma Management Skill assessment, the mean results of 15 possible points are shown in Figure 2E and F. Statistical results again showed significantly higher Trauma Management case 2 video scores in groups in simulations with SAST and deceased donors as compared with the control group, with the case 1 score serving as a numerical covariate (Table 2) . Thus, this assessment metric also found that the groups in simulations with SAST and deceased donors showed significantly greater gains in teamwork skills from case 1 to case 2 compared with the control (SimMan) group. No statistically sig- nificant difference was observed between gains in teamwork skills for the groups in simulations with SAST and deceased donors. Expert surgeons scored higher overall than residents, as expected, but the difference between expert and resident was not statistically significant ( Table 2) . The mean CRM checklist scores (of 40 possible points) for resident-and expert-led simulation sessions are shown in Figure 2G and H. Surgical residents showed lower scores overall than expert surgeons, as expected. There were no statistically significant differences between treatment groups ( Table 2) .
The internal consistency of each instrument was evaluated using Cronbach α ( Table 3 ). Of 13 α values, 12 were good (0.7 ≤α <0.9) to excellent (α ≥ 0.9), and 1 was low (α < 0.6) ( Table 3 ). The low α value (CRM checklist, case 2) could be because of the instrument having a small number of possible categories per item, which can deflate the α value. Overall, the results show a good assessment reliability and a sound basis for confidence in the internal consistency of the scores.
As described earlier, 2 trained evaluators (attending surgeons) scored each participant's teamwork behavior during each session using the NOTECHS assessment and the Trauma Management Skills scoring system. One evaluator was present while the other viewed a videotape. Therefore, the interrater consistency of live vs video scores was evaluated using (Table 3) .
Discussion
Previous research indicates a positive relationship between technical and nontechnical performance in surgeons. For example, Black and colleagues 18 showed significant correlation between technical skills and nontechnical skills using a commercially available benchtop model of a carotid bifurcation combined with trained actors portraying an awake carotid endarterectomy. Recently published results of a simulator-based curriculum for surgical residents and multidisciplinary trauma team members demonstrated significant improvements in teamwork as well as speed and completing blunt trauma resuscitations in the emergency department.
19
This study showed improvements in nontechnical and technical skills over the course of the 4-hour simulation curriculum. 19 We hypothesized that the relationship goes both ways, meaning that a surgical task would allow surgeons to be more effectively engaged in their role and better develop their decision making, situational awareness, communication, and other team skills. Teamwork and communication skills are context specific, but our results indicate that having full realism, like a deceased donor, may not be mandatory. Hybrid models such as this one can achieve gains in team performance while providing an appropriate context for the surgical trainee.
Our results showed that surgical residents exposed to medium-fidelity simulation (SAST) team training demonstrated greater gains in teamwork skills compared with the control group (SimMan) and equivalent gains in teamwork skills compared with those in high-fidelity simulations (deceased donors). Two main findings can be drawn from these results. First, including a surgical task in multidisciplinary OR team training significantly enhanced the acquisition of teamwork skills among midlevel surgical residents. Second, incorporating relatively inexpensive, medium-fidelity synthetic anatomy in human patient simulators was as effective as using high-fidelity anatomies from deceased donors for promoting teamwork skills in this learning group. This knowledge will be beneficial in identifying the best strategies for building teamwork skills in surgical residents and OR team members. The Accreditation Council for Graduate Medical Education Common Program Requirements for training residents are currently under revision. The proposed revised requirements in Section VI.A.1.a)(3).b. require that "the program director must design and maintain a program that has a structure that promotes team-based care" and that "residents must participate as team members in real and/or simulated interprofessional clinical site-sponsored patient safety activities."
20 Our results may help guide surgical programs in satisfying these requirements and training residents to work safely in interprofessional teams by including models and scenarios that simulate a surgical task while not requiring the use of deceased donors, which might be cost-prohibitive for some smaller programs. Statistically significant differences in resident performance, as measured by the NOTECHS and Trauma Management Skills assessment metrics, were detected only in video evaluations and not in live evaluations. Since the statistically significant differences appeared in the same pattern for multiple assessment metrics (Table 2) , it is unlikely that these differences are because of chance. Our findings suggest that a genuine difference exists between data contained in the video evaluations vs live evaluations. This reasoning is supported by the fact that the agreement between the live vs video evaluations was only "fair" according to a weighted Cohen κ analysis (Table 3 ). It is possible that when surgical faculty evaluators conducted video assessments they had more time to complete the assessment and fewer demands for their attention. Other authors argued that while debriefing at the time of the event is necessary to provide immediate feedback, a delayed review via videotape allows more time for discussion and self-assessment by the learner and frees raters to evaluate residents on demand. 21 Further research is needed to investigate the comparative benefits and limitations of live vs video review. There were no statistically significant differences between surgical expertise levels (expert vs resident), which suggests that the educational intervention in this study was unable to distinguish between expertise levels (Table 2 ). However, in most cases the surgical residents scored lower than the expert surgeons on the self-efficacy survey, the NOTECHS assessment, the Trauma Management Skill assessment, and the CRM checklist (Figure 2 ). It is possible that the inability to detect significant differences between expertise levels was because of the relatively small number of study participants (n = 5 residents and n = 2 experts per group).
The evaluation instruments were chosen to assess teamwork using multiple measurement tools. Participant feedback questionnaires were used to gauge the reaction and degree of satisfaction of participants, surgeon self-efficacy questionnaires were used to measure changes in the attitudes of participants, and the NOTECHS assessment, Trauma Management Skill assessment, and CRM checklist were used to evaluate behavior changes. Together, these measurement tools span levels 1 to 3 of the Kirkpatrick hierarchy of training evaluation, 22 and this breadth of evaluation drove the selection of these assessments (eTable 2 in the Supplement). In practice, all but 1 of the assessments had good to excellent reliability scores as measured by Cronbach α (Table 3) . Reliability has been defined as the ability of an instrument to measure consistently, 23 and Cronbach α is the most widely used objective measure of reliability. 24 It describes the internal consistency of an assessment tool, or the extent to which all items in a test measure the same concept or construct. 24 Therefore, there is a sound basis for confidence in the assessment instruments used in this study.
Limitations
This study had several limitations. It was a single-institution study, limiting its applicability in other settings. The sample size was limited by the available surgical resident population, and inte-rater reliability between video and in-person assessments was lower than expected. Lastly, while team factors were controlled to the largest extent possible by using scripting and standardized scenarios, it is possible that team factors played a role in the suspension of disbelief and engagement.
Conclusions
This work provides valuable new information about the importance of including a surgical task in multidisciplinary OR team training. Medium-fidelity synthetic surgical anatomy was sufficient to produce significantly greater gains in team skills for surgical residents, and this finding has implications for future efforts to define optimal teamwork training regimes in surgical residency curricula. Over the past decade, however, evidence suggests that technical proficiency is not sufficient and that surgeons must also possess nontechnical skills, such as teamwork, leadership, situational awareness, and decision making, that appear equally critical for attaining surgical mastery. 2 Much like technical skills, these nontechnical skills can be learned, and there is increasing evidence that this skill acquisition can be enhanced using simulations. 3 Simulations provide many benefits compared with learning in the clinical arena, including offering more time for debriefing, reflection, and assessment. Specifically, experience with low-frequency, high-acuity events can be gained without placing patients in danger. Several validated curricula have been developed to guide such training. 4 In this issue of JAMA Surgery, Sparks and colleagues 5 suggest that technical and nontechnical skills should be learned together. In their simulation-based study of midlevel surgical residents and interdisciplinary teams, they found that, compared with the experience in a low-fidelity simulator in which the surgeons did not have any technical task, nontechnical skill acquisition was enhanced for surgeons who were required to perform the technical tasks necessary to control hemorrhage in mid-and high-fidelity simulators. These findings echo those of other studies, suggesting that an interdependency of technical and nontechnical skills exists, 6 while also reminding simulation educators that nontechnical skills do not need to be taught in a vacuum. The best simulation training, we argue, should address technical and nontechnical tasks together, replicating the demands of the clinical setting. The findings of the authors also pose an important question about realism in simulations: how much is enough? Interestingly, their mid-fidelity simulator was realistic enough to generate nontechnical skills learning, and a high-fidelity simulator provided no additional benefit to justify the additional expense. This suggests, and we would agree, that moderate fidelity-enough to activate the psychological reality of the operative field and engage the surgeon in technical tasks-is sufficient to immerse them in the procedure and challenge their 
eFigure. SAST Mannequin Design
Synthetic anatomical models of liver, gall bladder, and spleen were made of silicone foam using casts of cadaveric organs (Fig. S.1A, B) . Organ models were plumbed to facilitate simulated bleeding due to trauma (Fig. S.1A ). Plumbing to organs was installed in the abdominal cavity of an existing mannequin, and simulated blood was pumped from a reservoir using a remote-controlled pump. Other abdominal structures (abdominal wall, omentum, stomach, bowel) were represented using commercially available models or hand-made silicone structures (Fig.S. 1 C, D) . Tethering ligaments were included for major organs, as well as representations of retroperitoneal structures. Airway and lungs were simulated with flexible plastic tubing attached to an inflatable bag to allow for intubation. The cost to build two SAST mannequins was approximately $7,500, plus $2000 in consumable materials. For study scenarios using cadaveric simulated patients, simulated blood was pumped through the vasculature via a remote-controlled pump similar to the SAST mannequin pump. For study scenarios using Laerdal SimMan, the mannequin was unaltered. . Kirkpatrick's model was developed as a methodology for judging the effectiveness of training programs. According to this hierarchy, the complexity of the behavioral change increases as evaluation strategies ascend to each higher level. However, the length of time needed for the evaluation, the lack of reliable objective measures, and the number of potential confounding factors all increase with the complexity of the change 3 . Thus, we chose to use multiple measurement instruments in order to offset the limitations associated with outcome measures from only one hierarchical level. We chose measurement instruments that span levels 1 through 3 in the hierarchy. Specifically, the Participant Feedback Questionnaire falls in Level 1 because it assesses participants' reaction and degree of satisfaction with the experience. The Surgeon Self-Efficacy Questionnaire falls in Level 2 because it assesses changes in participants' attitudes. Finally, the NOTECHS Nontechnical Skill Assessment, the Trauma Management Skill Assessment, and the CRM Checklist fall in Level 3 because they measure participant behavior change as scored by faculty evaluators.
